Nature of magnetic coupling between Mn ions in as-grown Gai-^^MuajAs studied by 

x-ray magnetic circular dichroism 
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The magnetic properties of as-grown Gai-ajMn^^As have been investigated by the systematic 
measurements of temperature and magnetic field dependent soft x-ray magnetic circular dichroism 
(XMCD). The intrinsic XMCD intensity at high temperatures obeys the Curie- Weiss law, but 
residual spin magnetic moment appears already around 100 K, significantly above Curie temperature 
(Tc), suggesting that short-range ferromagnetic correlations are developed above Tc- The present 
results also suggest that antiferromagnetic interaction between the substitutional and interstitial 
Mn (Muint) ions exists and that the amount of the Mn^nt affects Tc- 
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Gai_a;Mna;As is a prototypical and most well- 
characterized diluted magnetic semiconductor (DMS) 
Because Gai-a^Mn^^As is grown under thermal non- 
equilibrium conditions, however, it is difficult to avoid 
the formation of various kinds of defects and/or disor- 
der. In fact, Rutherford backscattering (RBS) channeling 
experiments for as-grown Gao.92Mno.08As samples has 
shown that as many as ~ 17 % of the total Mn ions 
may occupy the interstitial sites 0. It is therefore sup- 
posed that antiferromagnetic (AF) interaction between 
the substitutional Mn (Mns„b) ions and interstitial Mn 
{Mriint) ions may suppress the magnetic moment 0, 
In addition, the random substitution of Mn ions may 
create inhomogeneous Mn density distribution, which 
may lead to the development of ferromagnetic domains 
above Curie temperature (Tc) [5[. The characterization 
of non-ferromagnetic Mn ions is therefore a clue to iden- 
tify how they are related with the ferromagnetic ordering 
and eventually to improve the ferromagnetic properties 
of Gai_2:Mn2:As samples. However, it has been difficult 
to extract the above information through conventional 
magnetization measurement due to the large diamagnetic 
response of the substrate and the unavoidable mixture of 
magnetic impurities. 

X-ray magnetic circular dichroism (XMCD), which is 
an element specific magnetic probe, is a powerful tech- 
nique to address the above issues. So far, several results 
of XMCD measurements on Gai„a;Mn^As have been re- 
ported [i, 0, Si- From H dependent XMCD studies, 
the enhancement of XMCD intensity by post-annealing 
implies AF interaction between the Mn^ufa and Mni„t 
ions 8]. In the present study, in order to character- 
ize the magnetic behaviors of the Mn^ub and Mni„t, 



we have extended the approach and performed system- 
atic temperature (T) and magnetic field {H) dependent 
XMCD studies in the Mn ^2,3 absorption edge region 
of Gai_xMn3;As. We have found that short-range fer- 
romagnetic correlations develop significantly above Tc 
and that AF interaction between the Musuf, and Mni„( 
is important to understand the magnetic properties of 
Gai_a;Mn2;As. 

We prepared two as-grown samples with different Mn 
concentrations; x = 0.042 and 0.078, whose Tc was 
^ 60 and 40 K, respectively, as determined by an Ar- 
rott plot of the anomalous Hall effect. To avoid sur- 
face oxidation, the sample had been covered immedi- 
ately after the growth of Gai-ajMn^jAs films by cap lay- 
ers without exposure to air [As cap/GaAs cap (Inm)/ 
Gai_a;Mn2;As(20nm)/GaAs(001)]. The X-ray absorption 
spectroscopy (XAS) and XMCD measurements were per- 
formed at the helical undulator beam line BL23SU of 
SPring-8 0. The XAS spectra were obtained by the 
total-electron yield mode. The measurements were done 
without a surface treatment and H was applied to the 
sample perpendicular to the film surface. 

Figures 1 (a) and 1 (b) show the XAS spectra (/i"*" and 
/i~) in the photon energy region of the Mn absorp- 
tion edge and the corresponding XMCD spectra, defined 
as /^+ - /^-, at T = 20 K and H =0.5 T for a; = 0.042 
and 0.078. Here, /i+ (m ) refers to the absorption coef- 
ficient for the photon helicity parallel (anti-parallel) to 
the Mn id majority spin direction. The XAS spectra 
for both Mn concentrations have five structures labeled 
as a, h, c, d and e. The average XAS spectra [defined 
by (/i+ + /i^)/2] have been normalized to 1 at struc- 
ture b. The intensity ratio c/b is very different between 
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FIG. 1: (Color online) Mn L3 
/i-)/2) and XMCD - fi') 



edge XAS , ^ and {fi + 
spectra of Gai-^^MnajAs taken 
at T = 20 K and = 0.5 T for a; = 0.042 (a) and x = 
0.078 (b). Panels (c) and (d) show the H dependence of the 
XMCD spectra for x = 0.042 and x = 0.078, respectively. 
Inset shows the difference XMCD spectra obtained by sub- 
tracting the XMCD spectrum at = 0.5 T. 



X = 0.042 and 0.078, indicating that the spectra consist 
of two overlapping components. Figures 1 (c) and 1 (d) 
show the H dependence of the XMCD spectra. As H in- 
creases, XMCD structures corresponding to structures c, 
d and e are enhanced, particularly, strongly for the x = 

0. 042 sample. One can see this behavior more clearly 
in the difference XMCD spectra obtained by subtracting 
the XMCD spectrum at 0.5 T from the spectra sX H — 

1, 2, 4 and 6 T as shown in the inset of Fig.l (c) and 
(d). Recent XAS and XMCD studies have revealed that 
these structures (c, d, e) are ascribed to contamination 
of out-diffused Mn ions on the surface 0, EEl- The 
difference in the XAS intensity ratio c/h is therefore nat- 
urally ascribed to the difference in the amount of Mn ions 
diffused into the cap layer or the surface region during 
the growth of GaAs on Gai_3;Mn3;As. In the following, 
therefore, we shall neglect those extrinsic signals and fo- 
cus only on intrinsic signals, particularly structure 6, to 
investigate the intrinsic magnetic behavior. 

In order to extract the intrinsic XAS spectrum, we 
assumed that structure h could be ascribed to the in- 
trinsic Mn ions as mentioned above. Therefore, we 
first obtained the extrinsic XAS spectrum as (XAS x = 
0.042)-px(XAS X = 0.078), where p was chosen so that 
structure h vanished. The intrinsic XAS spectrum was 
then obtained as {raw HAS)— qx (extrinsic XAS), where 
q was determined so that the line shape of the intrin- 
sic XAS spectrum agreed with that obtained from the 
fluorescence yield measurements [13, Next, in or- 

der to extract the intrinsic XMCD spectra, we first ob- 
tained the extrinsic XMCD spectrum as (XMCD at 6 
T)— ax (XMCD at 0.5 T), where a was chosen so that 
an XMCD structure corresponding to structure b van- 
ished by utilizing the fact that the ferromagnetic sig- 
nals and hence the intrinsic signals should be domi- 
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FIG. 2; (Color online) Decomposition of the XAS and XMCD 
spectra of Gai-iMn^iAs into the intrinsic and extrinsic com- 
ponents for X = 0.042 (a) and for x = 0.078 (b) in the Mn L3 
edge region. Panel (c) shows comparison of the line shapes 
of the intrinsic XAS and XMCD spectra between x — 0.042 
and 0.078, normalized to the peak heights. 



nant in the XMCD spectrum at low H. The intrinsic 
XMCD spectrum was then obtained as (XMCD at each 
H)—f3x (extrinsic XMCD spectrum), where /3 was chosen 
so that structure c vanished. Figures 2 (a) and 2 (b) show 
the results of the decomposition of the XAS and XMCD 
spectra into the intrinsic and extrinsic components for 
X = 0.042 and 0.078, respectively. While the XMCD in- 
tensity is enhanced as H increases and T decreases, the 
line shapes of the intrinsic XMCD spectra are unchanged 
with H and T. The line shapes of the intrinsic XAS and 
XMCD spectra for both Mn concentrations thus agree 
with each other as shown in Fig. 2 (c), indicating that 
the decomposition procedure was valid. 

Using the intrinsic XAS and XMCD spectra, we have 
applied the XMCD sum rules [13, [13, assuming the Mn 
Sd electron number Nd — 5.1 [J^and estimated the spin 
magnetic moment (Ms) at T = 20 K and H ^ 0.5 T to 
be Ms=2.5±0.2 and 1.7±0.2 (^b per Mn) for x = 0.042 
and 0.078, respectively. These Ms values are much larger 
than those obtained in the early studies on oxidized sur- 
faces 6 [ and comparable to the recent ones on etched sur- 
faces [8| , indicating that the cap layer protected the ferro- 
magnetic properties of Gai-ajMn^jAs. The ratio Ml/ Ms 
is estimated to be 0.07 for both concentrations, where 
Ml is the value of the orbital magnetic moment, show- 
ing that the intrinsic Mn ion has a finite, although small. 
Ml , probably because of certain deviation from the pure 
Mn2+ (d^) state. 

The T dependence of Ms from the XMCD signal for 
i/ = 6 T is plotted in Fig. 3 (a). As T decreases, the 
XMCD signal is increased monotonously except for the 
discontinuity at around Tc (^ 60 K for cc = 0.042, 40 K 
for X — 0.078). This discontinuity probably reflects the 
ferromagnetic ordering which aligns the magnetization 
parallel to the sample surface, the easy axis of magneti- 
zation in the films It should be noted that Ms in- 
creases monotonously even well below Tc as T decreases, 
indicating that full spin polarization is not achieved even 
well below Tc. For x = 0.078, the T dependence for H = 



FIG. 3: (Color online) T dependence of the spin magnetic 
moment Ms- (a) T dependence of Ms for H = QT. For x — 
0.078, results for H = 1 T are also plotted. Open symbols 
show that of the extrinsic component at H = 6 T. (b) T 
dependence of the inverse of A/g. Inset shows comparison 
between 1 and 6 T for x = 0.078. 



1 T shows essentially the same behavior as that for 6 T. 
Figure 3 (b) shows the inverse of Ms plotted in Fig 3 

(a) . The high-temperature part is well described by the 
Curie- Weiss (CW) law, independent of H as shown in 
the inset of Fig. 3 (b). 

Figure 4 shows the H dependence of Ms at several 
temperatures for x = 0.042 [panel (a)] and 0.078 [panel 

(b) ]. Ms of the intrinsic component is increased rapidly 
from H = 0.1 to 0.5 T, due to the re-orientation of 
the ferromagnetic moment from the in-plane to out-of- 



plane directions [lj|. Above 0.5 T, Ms is increased 
almost linearly as a function of H. We have plot- 
ted the T dependence of Ms\h ^ot obtained from the 
linear extrapolation of Ms at high fields to H = Q 
T and dMs/dH\H>o.5T [fJ-B/T per Mn) (the suscepti- 
bility of the paramagnetic component) in Fig. 4 (c) 
and (d), respectively. For the extrinsic component, 
Ms\h^qt is vanishingly small at all temperatures and 
dMs/dH\Hyo.5T is increased as T decreases following 
the CW law, indicating that the extrinsic component is 
paramagnetic and decoupled from the ferromagnetism of 
the intrinsic component. As for the ferromagnetic com- 
ponent, Ms\h^ot is steeply increased below ~ 100 K. 
i.e., from somewhat above Tc- The T dependence of 
Ms\h^ot [Fig. 4 (c)] is correlated with the deviation 
from the CW law below ~ 100 K [Fig. 3 (b)]. Well 
below Tc, Ms\h^ot still continues to increase with de- 
creasing T, indicating the inhomogeneous nature of the 
ferromagnetism. As for dMs /dH\H>o.5T, unlike the ex- 
trinsic component, it saturates around Tc and is not in- 
creased as T further decreases. The appearance and in- 
crease of MsIh^ot between Tc and ~100 K [Fig. 4 (c)] 
strongly suggest that short-range ferromagnetic correla- 
tions start to develop and ferromagnetic domains form 
before the long-range order is established at macroscopic 
Tc- Each ferromagnetic domain may have different fer- 
romagnetic behavior due to the spatial distribution of Tc 
in the as-grown samples. Those results may correspond 
to the theoretical prediction that ferromagnetic domains 
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FIG. 4: (Color online) H dependence of Ms for x = 0.042 (a) 
and for x = 0.078 (b) at several temperatures. Dashed lines 
show fitted straight lines above 0.5 T. (c) T dependence of the 
residual magnetization Ms\h ^ot (Ms for _ff T). Open 
symbols show that of the extrinsic component, (d) T depen- 
dence of the slope of the Ms-H curve above 0.5 T, i.e., the 
high-field magnetic susceptibility {dMs /dH\H>o.5T)- Open 
symbols show that of the extrinsic component. 



develop above Tc when there is magnetic inhomogeneity 
i- 

The suppression of the CW-like increase of 
dMs/dH\H>o.5T below Tc in both samples indi- 
cates that AF interaction between the ferromagnetic Mn 
i.e., Musub and non-ferromagnetic (or paramagnetic) Mn 
such as Muinf . The recent H dependent XMCD study 
of Gai„a;Mna;As shows that dMs /dH\H>o.5T becomes 
small and Ms\h^ot becomes large after post-annealing, 
suggesting that the changes are caused by a reduction 
of Muint Q. In the present study, dMs/dH\H>o.5T and 
Ms\H-tOT are smaller for x = 0.078 than for x — 0.042 
[Fig. 4 (c) and (d)], suggesting that AF interaction 
becomes stronger for x — 0.078 than that for x — 
0.042. This is reasonable because the number of Muint 
is expected to be larger for larger Mn concentration. 
Assuming that Ms per the Mns„b is 5 (/xs per Mn) 
and Ms of the Mni„( is antiparalleled to that of Musub, 
the ratio of Mni„t atoms in the intrinsic component 
{Rint) is estimated as 0.26 for x ~ 0.042 and 0.33 for 
X — 0.078 from Ms\h^ot at 20 K. This is consistent 
with the result of the RBS experiment 0|, which Rint 
is estimated as 0.17 for an as-grown sample with Tc= 
67 K, indicating that Tc is strongly correlated with 
the amount of Mninf We have fitted the susceptibility 
dMs/dH\H=6T (mb/T per Mn) of the intrinsic compo- 
nent above 100 K [Fig. 3 (b)] to the CW law with an 
offset, dMs/dH\H=eT = N,C/{T - 9) + dMs/dH\o, 
where C = {gfiB)^S{S + l)/3kB is the Curie constant, 
6 is the Weiss temperature, dMs/dH\o is the constant 
offset, is the number of magnetic Mn ions in the 
sample with Mn concentration x, and g is the g factor. 
6 is estimated to be 68±5 K for x = 0.042 and 69±3 K 
for X = 0.078. dMs/dH\o is estimated to be of order of 
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^10 ^ for both samples. Assuming g = 2, S* = 5/2 and 
e = 68 K, one obtains 7Vo.o42 = 0.97 and iVo.o78 = 0.67. 
This result strongly suggests that most of the intrinsic 
Mn ions in the x — 0.042 sample participate in the 
paramagnetism above ^100 K and the paramagnetism 
in the x — 0.078 sample is suppressed even at high 
temperatures, again implying that the AF interaction is 
stronger and more influential in the x =0.078 sample. 

In conclusion, we have investigated the T, H and Mn 
concentration dependences of the ferromagnetism in as- 
grown Gai_a;Mna;As samples by XMCD measurements to 
extract the intrinsic magnetic component. The XMCD 
intensity deviates from the CW law below ^100 K, indi- 
cating that the ferromagnetic moment starts to form at 
~100K and that the short-range ferromagnetic correla- 
tions develop significantly above Tc- The high- field mag- 
netic susceptibility becomes T-independent below Tc, in- 
dicating that the AF interaction between the Mugub and 
Muint ions, which becomes strong as the Mn concentra- 
tion X increases, plays an important role to determine 
the magnetic behavior of Gai_a;Mna;As. In addition, the 
amount of the Mni„t ions should be strongly related with 
Tc- The present experimental findings should give valu- 
able insight into the inhomogeneous magnetic properties 
of many DMS's. In future studies, it is very important 
to perform a detail T and H dependent XMCD study for 
a post-annealed samples. 
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